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ABSTRACT   
The Australian multi-centre vitamin D (AusD) study aimed to better define the relationship 
between sun-exposure and serum 25-hydroxyvitamin D (25(OH)D) concentration. Cross-sectional 
data were collected between May 2009 and December 2010 from 1,002 participants aged 18-75 
years in four Australian sites spanning 24 degrees of latitude. Participants completed: 1) 
questionnaires on sun-exposure, dietary vitamin D intake and supplementation, 2) ten days of 
personal ultraviolet radiation dosimetry, 3) a sun and physical activity diary, and 4) clinical 
measurements and blood collection for 25(OH)D determination. Our multiple regression model 
described 40.2% of the variance in 25(OH)D concentration; modifiable behavioral factors 
contributed 52% of the explained variance, and environmental and demographic or constitutional 
variables contributed 38% and 10% respectively. Amount of skin exposed was the single strongest 
contributor to the explained variance (27%), followed by location (20%), season (17%), personal 
ultraviolet radiation exposure (8%), vitamin D supplementation (7%), body mass index (4%) and 
physical activity (4%). Modifiable behavioral factors strongly influence serum 25(OH)D 
concentrations in Australian adults. In addition, latitude is a strong determinant of the relative 
contribution of different behavioral factors.  
Word Count: 179 
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Vitamin D plays an essential role in maintaining bone health (1), with deficiency causing 
osteomalacia in adults, and rickets in children (2). Low vitamin D status (measured as the serum 
concentration of 25-hydroxyvitamin D, 25(OH)D) has also been linked to increased risk of non-
skeletal health outcomes including cardiovascular disease (3), diabetes (4), multiple sclerosis (5, 6), 
cognitive dysfunction (7), and several cancers (8, 9). Vitamin D insufficiency is reported to be 
common in many countries, including some with high ambient solar ultraviolet radiation (UVR) 
such as Australia (10-12), which suggests that factors other than ambient UVR may be important 
for vitamin D status.  
Past research suggests most Australians obtain >90% of their vitamin D from endogenous 
synthesis of vitamin D3 (cholecalciferol) (13) initiated by exposure of 7-dehydrocholesterol in the 
skin to ultraviolet B (UVB) radiation (14). Consequently, factors that influence an individual’s 
UVR exposure (e.g. time spent outdoors), affect cutaneous penetration of UVR (e.g. darker skin 
pigmentation) or the skin’s ability to utilise UVR to synthesize vitamin D (e.g. skin aging), are 
likely to affect serum 25(OH)D concentration.  
This primary aim of this paper is to describe comprehensively the environmental, 
constitutional and behavioral determinants of serum 25(OH)D concentration. We also aimed to 
investigate the contribution of potentially modifiable behaviors to variance in serum 25(OH)D 
concentration, and to examine whether the determinants of 25(OH)D concentration varied across a 
broad latitude range.  
 
MATERIALS AND METHODS 
Study Design 
The AusD study was a multi-center, cross-sectional study of 1002 Australian adults (54.2% 
female) aged 18-75 years. Data were collected in 4 Australian cities: Townsville (19.3°S, 146°E), 
Brisbane (27.5°S, 153°E), Canberra (35.3°S. 149°E) and Hobart (42.8°S, 147°E) between May 
2009 and December 2010. Study participants were randomly recruited from the Australian Electoral 
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Roll. The ethics committees of all participating institutions (Queensland University of Technology 
#0600000224; James Cook University #H3124; Australian National University #2008/451; 
University of Tasmania #H0010277) approved the study. Detailed methodology is available 
elsewhere (15). 
 
Data Collection 
Participants attended two interviews, 10 days apart, and provided data by questionnaire and 
physical measurement. Between the two interviews - the index exposure period - participants 
completed a daily sun diary that provided detail of time outdoors between 6am and 6pm, and wore a 
new polysulphone UVR dosimeter on a wristband each day (15). 
At the second interview a non-fasting blood sample was collected. Blood samples were 
centrifuged within four hours of collection and serum was stored immediately at -80ºC. At study 
completion all stored sera were analysed for 25(OH)D concentration (nmol/L) using the DiaSorin® 
Liaison semi-automated chemiluminescence assay (DiaSorin, Saluggia, Italy). Internal and external 
vitamin D standards were included in each batch. Intra-assay and inter-assay variations were 3-6% 
and 6-9%, respectively. Low (<15nmol/L) and high (>125nmol/L) serum 25(OH)D concentrations 
were re-assayed. This assay consistently returns results within 2% of the Vitamin D External 
Quality Assurance Scheme All-Laboratory Trimmed Mean.  
Daily ambient (environmental) UVR and meteorological data (maximum temperature and 
relative humidity) for each day of each participant’s index exposure period were obtained from the 
Australian Radiation Protection and Nuclear Safety Agency (ARPANSA) and the Bureau of 
Meteorology (BoM) respectively. 
 
Predictor variables  
Potential predictors were chosen based on their documented effects on 25(OH)D 
concentration (2, 11). The following variables were analysed: 
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Demographic and constitutional variables: Sex, age, country of birth, education level, 
employment status, indoor/outdoor occupation, self-reported skin color, natural hair color (at 18 
years), eye color, perceived general health, previous cancer history, previous diagnosis of high 
blood pressure or cholesterol, and melanin density (MD) of the upper arm, dorsum of hand and 
cheek measured using reflectance spectrophotometry and a published algorithm (16). Skin 
reflectance of the dorsum of hand is indicative of tan (acquired skin color), which is a mixture of 
behavior and constitution (ability to tan); on the inner upper arm it indicates natural skin color (i.e. 
constitution). 
Environmental variables: Study location, season participant entered the study, daily total 
Standard Erythemal Dose (SED) of ambient UVR (1 SED=100 J/m2), daily maximum temperature 
(ºC) and daily average relative humidity (%) during the index exposure period.  
Behavioral variables: Body Mass Index (BMI, calculated using weight (kg)/height (m)2), 
physical activity level (inactive, mildly active, moderately active, highly active (17)), smoking 
(never, ever), alcohol consumption (<1 drink/week, 1-6 drinks/week, ≥7 drinks/week), vitamin D 
supplementation (ever vs. never in the past month), estimated vitamin D intake from oily fish 
(<25mg/month, ≥25mg/month), sunscreen use (yes, no), time spent outdoors (minutes), proportion 
of skin covered by clothing (%), and personal UVR exposure (SED) as measured by the UVR 
dosimeter. 
 
Calculation of selected predictor variables 
All person-day data, including ambient UVR, temperature, humidity, personal UVR 
exposure and variables calculated using the diary data (daily outdoor time and daily proportion of 
skin area covered by clothing) (18, 19) were averaged across the index exposure period for each 
person. Some participants had less than 10 days of data due to non-compliance or missing data, 
however, most participants (>92%) had at least 7 days’ data for all variables.  
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Time outdoors: For each hour from 6 am to 6pm (Australian Eastern Standard Time) in the 
index exposure period, participants reported their time spent outdoors (minutes) by indicating one 
of five categories (0, <15, 15-30, 30-45 and 45-60 minutes). Total daily time spent outdoors was 
calculated by summing mid-point values (0, 7.5, 22.5, 37.5 and 52.5 minutes) for each of the 12 
hourly intervals (18).  
Body surface area covered by clothing: Clothing cover on the upper and lower body, head, 
hands and feet was recorded for each hour, based on the clothing guide provided. Each garment was 
assigned a relative body surface area (whole body surface area=1) using the relative surface 
proportions reported by Pearl and Scott (20) and body surface area of finer body-site divisions used 
previously (18, 21).  The proportion of skin covered during each hourly interval was calculated by 
summing the relative proportions at each body site. The average proportion (%) of skin area 
covered when outdoors each day (Prop outdoor ) was calculated as (18, 21): 
Prop outdoor = 
 
                                        (Equation 1) 
where  is the proportion covered by clothing at hour t (6-7 am to 5-6 pm); and  is the 
time (minutes) spent outdoors during hour t.  
Daily average personal UVR exposure was the average of each participant’s UVR exposure 
for the days of their personal dosimeter use. 
Vitamin D intake was estimated (milligrams (mg)/month) from oily fish intake only. 
Previous research suggests that for Australians not taking supplements, fish is the major dietary 
source of vitamin D (13).  
 
Statistical analyses 
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Analyses were undertaken using R Software (The R Project, Auckland, New Zealand). 
Serum 25(OH)D concentration (nmol/L) was the dependent variable. Records with missing 
variables were excluded from analysis involving that particular variable(s).  
A one-way ANOVA or independent sample t-test was used to identify categorical variables 
associated with 25(OH)D level. Univariate relationships between continuous variables and 
25(OH)D were assessed using correlation analysis.  
A multiple regression model of serum 25(OH)D concentration was developed using 
backward stepwise elimination with location, sex and age group forced into the model at the final 
step (22). All independent variables with a P-value of <0.10 in univariate analyses were included in 
the initial model and then a variable was removed in each step if there was a fall in the model 
Akaike information criterion (value. The final model was that with the lowest Akaike information 
criterion value. The predictive ability of the model was expressed as the proportion of total variance 
explained (R2) and the relative importance of each factor was estimated using the R2 contribution 
averaged over orderings among regressors calculated using the “relaimpo” package for R Software 
(23). We used the variable inflation factor to check for multicollinearity, the Breusch-Pagan test and 
examination of the residual plot to test for heteroscedasticity, and a Bonferroni outlier test to 
identify possible outliers. We used White-Huber corrected standard errors (24) to adjust for 
heteroscedasticity. 
 
RESULTS 
Sample description and overall 25(OH)D concentration 
In each study site, numbers recruited per week varied from 1 to 8, with the low recruitment 
weeks concentrated in and around holiday periods - late December to mid-January. A total of 1002 
participants (543 females, 459 males) with a mean (standard deviation) age of 48.15 (15.68) years 
completed this study. Participants’ characteristics are described in detail elsewhere (15). Serum 
25(OH)D concentrations ranged from 2 nmol/L to 178 nmol/L with a slightly positively skewed 
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distribution (Skewness = 0.63, Kurtosis = 1.01). The mean (standard deviation) 25(OH)D 
concentration was 59.8 (23.9) nmol/L, and its distribution: <25.0 nmol/L (5.6%); 25.0-49.9 nmol/L 
(29.3%); 50.0-74.9 nmol/L (42.4%); ≥75.0 nmol/L(22.7%). The median dose of vitamin D in those 
taking oral supplements (n=349) was 401 IU per day (range 10 IU to 10,000 IU per day). 
 
Potential determinants of 25(OH)D concentration 
Variables associated with 25(OH)D concentration (P <0.10) are shown in Table 1. Mean 
25(OH)D concentration was highest in Townsville (latitude 19.3°S) and lowest in Canberra 
(35.3°S), highest in summer and lowest in winter in all sites, and slightly higher in males than 
females. There was a non-linear association with age, with the highest 25(OH)D concentration in 
the youngest age group (18-34 years) and the lowest in those aged 35-64 years. Participants who 
reported their occupation as ‘other’ (mostly undertook home duties or were students) had a higher 
25(OH)D concentration than retirees, part-time or full-time workers. Overall, 25(OH)D 
concentration was highest in Australian-born participants who were outdoor workers, physically 
active, reported a recent history of sunscreen use, had a lower BMI, took oral vitamin D 
supplements or consumed an estimated ≥25mg/month of vitamin D from oily fish. 25(OH)D 
concentration did not vary according to education level, perceived health, history of cancer, history 
of hypertension or high cholesterol, smoking status or alcohol consumption (data not shown). 
25(OH)D concentration was directly correlated with melanin density (inner upper arm 
r=0.17, P<0.001; dorsum of hand r=0.14, P<0.001; cheek r=0.10, P=0.002), ambient UVR (r=0.38, 
P <0.001), daily maximum temperature (r=0.45, P<0.001), daily average humidity (r=0.08, 
P=0.011) and time spent outdoors daily (r=0.16, P<0.001), and was inversely correlated with 
clothing cover (body surface area  covered, r=-0.50, P<0.001).  
Daily average personal UVR exposure (data available for 995 [99%] participants) varied 
from 0.01 to 20.66 SED, with a median of 1.08 SED (Inter-quartile range 0.55, 2.06). Personal 
UVR exposure and 25(OH)D concentration were positively correlated (Pearson r = 0.18, P <0.001; 
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Spearman rank correlation 0.24, P<0.001). The large difference between Pearson and Spearman 
coefficients indicates a rank-linear relationship between personal UVR and 25(OH)D concentration. 
Therefore a new variable (from 1 to 10) corresponding to the 10 deciles of personal UVR exposure 
was created (Pearson r=0.24 with 25(OH)D, P<0.001) and used in most analyses (Figure 1).   
 
Multiple regression models for 25(OH)D concentration 
Only participants without missing data were included in this analysis. There was no material 
difference in 25(OH)D concentration or personal UVR dose (P>0.05) between participants with at 
least one missing variable (n=117) and those with no missing variables (n=885), however the 
former were older (53.29±15.93 years vs. 47.47±15.53 years, P<0.001). Ambient UVR, daily 
maximum temperature, self-reported skin, hair and eye color, melanin density for the cheek and 
upper arm, vitamin D intake from oily fish, and sunscreen use were removed from the model by 
backwards elimination because the model Akaike information criterion was not reduced by their 
retention. Table 2 shows the results of the final model with the variables grouped into three broad 
categories: 1) environmental factors, 2) demographic and constitutional factors and, 3) potentially 
modifiable behavioral factors.  
The model explained 40.2% of the variance in serum 25(OH)D concentration (R2=0.402, 
P<0.0001). Collectively, potentially modifiable factors (BMI, physical activity, vitamin D 
supplementation, time spent outdoors, clothing cover and personal UVR exposure) contributed to 
52% of the explained variance, while environmental factors (season, location, ambient UVR, and 
humidity) and demographic and constitutional factors (sex, age, country of birth, employment status, 
occupation type and melanin density on the hand) contributed 38% and 10%, respectively. Clothing 
cover was the single greatest contributor to the explained variance (27%), followed by location 
(20%) and season (17%).  
In the final model, after controlling for all other variables, a large seasonal difference 
between summer and winter 25(OH)D concentrations was noted (19.8 nmol/L, 95% Confidence 
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Interval [CI]: 14.6, 24.9). A location effect was also observed, with the mean 25(OH)D 
concentrations in Brisbane, Hobart and Canberra between 7.7 nmol/L and 13.3 nmol/L lower than 
the Townsville mean.  
Oral vitamin D supplementation was associated with higher 25(OH)D concentration (9.0 
nmol/L, 95% CI: 6.4, 11.6) while obesity (BMI>30 vs BMI≤25) was associated with lower 
25(OH)D concentration. (-8.0 nmol/L, 95% CI: -11.2, -4.8). On average, 25(OH)D concentration 
increased 1.9 nmol/L (95% CI: 1.3, 2.3) for every decile increase in personal UVR exposure, and 
decreased 0.5 nmol/L (95% CI: -0.7, -0.3) for every one percent increase in clothing cover. 
There was no evidence of multicollinearity in the final model (for all independent variables, 
VIF<2.3) (25). However, both the residual plot and Breusch-Pagan test strongly suggested the 
presence of heteroskedasticity (χ2=19.97, P<0.001). A Bonferroni outlier test identified three 
possible outliers (all P<0.007). The coefficients of all independent variables were therefore re-
tested using the White-Huber corrected standard errors (24). Despite minor increases of the P 
values, no material change was observed for any variable except for melanin density on the hand 
(P-value changed from 0.040 to 0.052).  
After removing outliers, the variance explained by the final model increased from 40.2% to 
41.1%. Separately, the use of log-transformed 25(OH)D concentration instead of original values in 
the final model increased the R2 to 40.8%, while substituting the ambient UVR level with raw 
ambient UVR data or log-transformed ambient UVR data slightly decreased the R2 to 38.4% and 
39.9% respectively. The number of variables retained in these alternative models and their 
respective P-values remained unchanged.  
Separate stepwise models for each site are presented in Table 3. The amount of variance in 
25(OH)D concentration explained by the model increased with increasing latitude (21.6% 
Townsville, 37.3% Brisbane, 38.6% Canberra, and 47.1% Hobart). For all locations, personal UVR 
exposure was positively associated with 25(OH)D concentration while clothing cover and obesity 
(BMI≥30) were negatively associated. There was no material effect of sex at any location. There 
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were marked differences in each location in the relative importance of other variables retained in 
the models. The seasonal effect was strong and similar in all sites except tropical Townville. 
Country of birth was strongly predictive of 25(OH)D concentration in Canberra and employment 
was retained only in the Brisbane model. Physical activity was strongly predictive only in 
Townsville and Hobart. The contribution of vitamin D supplementation was highly influential to the 
model in all sites except Townsville. 
 
DISCUSSION 
The AusD Study collected information on ambient UVR, personal UVR exposure, dietary 
vitamin D intake, and environmental and personal characteristics, to assess their role in determining 
25(OH)D concentration.  Our final model explained 40.2% of the variance in serum 25(OH)D 
concentration, with variation by location ranging from 47.1% in Hobart (42.8ºS) to 21.6% in 
Townsville (19.3ºS). Other studies investigating the determinants of 25(OH)D concentration have 
explained between 21% and 54% of the variance (26-34), however these studies differed widely by 
study population, chosen predictors, and measurement rigor. The common major contributors to 
explained variance in these models were sun exposure-related factors (26-30, 33), dietary intake 
(27-30, 34), season (32-34), use of supplements (28-30, 32-34), BMI or waist circumference (27, 28, 
32, 34), and physical activity (27, 28, 32, 34). 
The major contributors to explained variance in this study were clothing cover (27%), 
location (20%), season (17%), and personal UVR exposure measured by polysulphone dosimeters 
(8%). Potentially modifiable factors contributed to 52.2% of the explained variance, with key 
variables in our model being clothing cover (contributing 27% to the explained variance in 
25(OH)D), personal UVR exposure (8%), vitamin D supplementation (7%), BMI (4%) and physical 
activity (4%). The potential gain from clothing cover is substantial: for every 10% decrease in 
clothing cover, 25(OH)D concentration increased by 5.2 nmol/L, without needing to increase the 
duration of sun-exposure of habitually exposed body sites. Additional value would be obtained by 
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decreasing clothing cover during outdoor exercise in populations prone to 25(OH)D insufficiency, 
given the association between physical activity and 25(OH)D concentration. 
Environmental variables were important contributors to our model. Latitude of residence 
contributed to 20% of the explained variance. There was a decrease in average 25(OH)D 
concentration with increasing latitude - a finding supported by several recent studies (12, 26, 35). 
Similarly, season has been reported as an important predictor of 25(OH)D concentration (34, 36, 
37).  
Personal UVR exposure, usually reported as “time outdoors” or “time in the sun” (38), 
contributed only 8% to the explained variance in our model – a much smaller contribution than that 
of other UVR-related variables. On average, 25(OH)D concentration increased by only 1.9 nmol/L 
for every decile increase in personal UVR exposure. Thus, while personal UVR and clothing cover 
are intrinsically associated, significantly greater benefits to 25(OH)D concentration would be 
obtained by reducing clothing cover than by increasing the duration of exposure of habitually 
exposed skin.  
The predictive ability of our model changed with increasing latitude, being greatest at high 
and least at low latitudes. Apart from BMI, which was strongly negatively correlated with 25(OH)D 
concentration across all sites, the relative contribution of the variables differed by location. Physical 
activity contributed strongly at the lowest latitude study site, while season and clothing cover 
contributed only weakly (35), possibly because of the light clothing worn all year round and 
relatively constant high ambient UVR levels. Vitamin D supplementation also contributed little at 
this location, as reported previously (35), whereas its relative contribution became progressively 
stronger with increasing latitude. This finding was unrelated to the prevalence of supplementation, 
which did not differ markedly between the sites (Townsville 34.3%; Brisbane 39.4%; Canberra 
35.9%; Hobart 32.1%; data not shown). As most vitamin D is produced through skin exposure to 
UVR, it is perhaps not surprising that the relative contribution of oral supplementation would be 
greater at higher latitudes where solar UVR and vitamin D levels are lower and clothing cover is 
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higher.  
Despite our comprehensive analysis, we could account for only 40.2% of the variance in 
25(OH)D concentration. Other factors probably contributing to the remaining variance include 
interactions between exposures, measurement error, variables not measured, including genetic 
variables (common single nucleotide polymorphisms have been shown to contribute 4% to 10% to 
variance in 25(OH)D (26, 39, 40)), and factors as yet unknown. There is also evidence that sun-
exposure in the 6-8 weeks prior to blood collection is a strong predictor of 25(OH)D concentration 
(26, 41), hence it is possible that confining our UVR measurement to the 10 days prior to blood 
collection may have contributed to the unexplained variance.  
Several factors identified in preliminary analysis as contributing to 25(OH)D concentration 
were not significant in our final model, including dietary intake of vitamin D-rich foods, sex, self-
reported skin, hair and eye color, and use of sunscreen. Natural skin color (melanin density at the 
upper inner arm) had only a minor effect on 25(OH)D concentration, possibly because of the small 
number of dark-skinned participants in our study and the use of an algorithm for melanin density 
(16) that was validated only in Caucasians.  
This study may have been limited by our categorization of sunscreen use, for the purpose of 
analysis, as ‘yes’ or ‘no’, which did not allow consideration of sunscreen coverage or protection 
factor. Other limitations were a low response rate and a slight bias towards older Australian-born 
women and indoor workers (15). While we do not expect these biases to affect the association 
between the predictors and serum 25(OH)D concentration, it is possible that both the exposure and 
the outcome may have influenced the probability of participating, and hence the variability of the 
model between study locations, and the generalizability of the findings. For example, if older 
women had greater interest in vitamin D and were thus more likely to take supplements, we may 
have overestimated the role of vitamin D supplementation as a determinant of 25(OH)D 
concentration. However, estimates of associations between variables appear to be relatively 
unaffected by participation rates (42).  
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The study strengths were the size and breadth of its population samples, high compliance, 
broad range of latitudes, cross-seasonal recruitment strategy and coordination of protocols between 
the study sites (15). Our use of UVR dosimetry combined with diary records (time outdoors and 
clothing cover) and contemporaneous data on ambient UVR, is probably the gold standard for 
assessing personal UVR exposure in free-living populations.  
Our findings suggest that modifiable factors relating to UVR exposure could help in 
maintaining healthy vitamin D status, with decreasing clothing cover being a more effective means 
than increasing duration of UVR exposure. We also provide strong evidence for customizing 
approaches to maintaining healthy vitamin D status according to season and latitude. The role of 
such measures in ameliorating or preventing mild to moderate levels of vitamin D insufficiency 
when vitamin D supplementation is readily available is currently a matter of debate. 
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Table 1. Mean 25(OH)D Values of Variables Related to Serum 25(OH)D Concentration (nmol/L) in 
Univariate Analyses (p<0.10) in Australian Adults, AusD Study, Australia, 2009-2010.  
 No. % 25(OH)D (nmol/L) 
Mean (SD) 
P Value  
Location     
Townsville 259 25.9 73.6 (21.0) <0.001 
Brisbane 254 25.4 62.3 (24.8)  
Canberra 252 25.2 48.5 (18.4)  
Hobart 237 23.7 54.2 (23.4)  
Season of participation     
Winter (June-August) 322 32.1 50.9 (23.2) <0.001 
Spring (September-November) 380 37.9 60.5 (21.9)  
Summer (December-February) 105 10.5 74.1 (23.6)  
Autumn (March-May) 195 19.5 65.2 (23.5)  
Sex     
Female 543 54.2 58.5 (24.4) 0.064 
Male 459 45.8 61.3 (23.3)  
Age group (years)     
18-34 243 24.3 63.1 (25.3) 0.027 
35-64 564 56.3 58.2 (23.1)  
65-75 195 19.5 60.2 (24.1)  
Country of birth      
Australia 806 80.4 60.7 (23.8) 0.011 
Other countriesa 196 19.6 55.9 (23.9)  
Employment status     
Full time 481 48.1 57.2 (22.9) 0.002 
Part-time 173 17.3 59.8 (23.3)  
Retired 191 19.1 61.8 (25.4)  
Othersb 156 15.6 65.1 (25.0)  
Occupation type      
Mainly indoors 686 71.0 57.1 (23.4) <0.001 
Mainly or half outdoors 280 29.0 66.2 (24.2)  
Self-reported skin color      
Fair 628 63.4 60.2 (24.2) 0.087 
Medium 258 26.0 61.0 (23.6)  
Dark/black/olive 105 10.6 55.1 (22.7)  
Natural hair color     
Blond/red 237 23.8 60.4 (23.8) 0.008 
Brown 655 65.9 60.6 (23.5)  
Black 102 10.3 52.8 (26.6)  
Eye color      
Blue/grey/green 544 54.8 59.0 (23.2) <0.001 
Hazel 247 24.9 65.3 (25.2)  
Brown 201 20.3 55.4 (23.3)  
BMIc      
<25 386 38.6 62.3 (24.7) 0.001 
25-<30 348 34.8 60.4 (24.2)  
30+ 265 26.5 55.1 (21.9)  
Physical activity     
Inactive  284 28.5 54.2 (22.8) <0.001 
Minimally active  344 34.5 59.3 (22.0)  
Highly active 369 37.0 64.7 (25.4)  
Vitamin D oral supplements     
None  635 64.5 56.3 (23.9) <0.001 
Any 349 35.5 65.7 (23.0)  
Vitamin D intake from oily fish      
<25mg/month  625 62.8 58.1 (23.0) 0.003 
≥25mg/month 370 37.2 62.8 (25.5)  
Recent sunscreen use     
No  558 55.7 58.1 (24.1) 0.013 
Yes 443 44.3 61.9 (23.6)  
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Personal daily average UVR exposure     
Low (0-1 SEDd) 466 46.8 55.3 (24.5) <0.001 
Medium (1.01 – 2.0 SED) 268 26.9 59.9 (21.7)  
High (2.01 + SED) 261 26.2 67.6 (23.0)  
Abbreviation: AusD A quantitative assessment of solar UV exposure for vitamin D synthesis in Australian adults; BMI, body mass 
index; 25 (OH)D, 25-hydroxyvitamin D; SD, standard deviation; SED, standard erythemal dose; UVR, ultraviolet radiation 
a Including Northern Europe (n=117), Southern Europe (n=8), Asia (n=28). North America (n=9), South America (n=3), Middle East 
(n=2), New Zealand (n=20), PNG/Solomon/Vanuatu (n=6) and Africa (n=3). 
b Including unemployment (n=11), home duties (n=59), students (n=42), sole parent pension (n=3), disability pension (n=21) and 
other (n=20) 
c Weight (kg)/height (m)2 
d 1 SED=100 J/m2  
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Table 2. Final Multiple Regression Model for the Determinants of 25(OH)D Concentration in 
Australian Adults, AusD Study, Australia, 2009-2010. 
 Ba
 
95% CI P-Value R2 RC (%)b 
Overall model    0.40 100 
Intercept 63.41 39.01, 87.81 <0.001   
Environmental variables     37.82 
Study centre (Ref = Townsville, 
19.3ºS)  
   19.70 
Brisbane (27.5ºS) -7.70 -11.57, -3.83 <0.001   
Canberra (35.3ºS) -13.26 -17.73, -8.78 <0.001   
Hobart (42.8ºS) -9.53 -14.09, -4.97 <0.001   
Season entered the study (Ref = 
winter)  
   16.74 
Spring (September-November) 3.04 -0.34, 6.41 0.078   
Summer (December-February) 19.77 14.62, 24.91 <0.001   
Autumn (March-May) 11.64 7.74, 15.53 <0.001   
Ambient UVR (SED) n.r.     
Daily maximum temperature (ºC) n.r.     
Relative humidity (%) 0.26 0.02, 0.51 0.037  1.38 
      
Demographic and constitutional 
variables  
   10.03 
Sex (male) 1.87 -0.96, 4.70 0.194  0.53 
Age group (years, Ref=15-34 yrs)     2.29 
35-64 yrs -5.56 -8.88, -2.24 0.001   
65-75 yrs -5.85 -10.41, -1.28 0.012   
Country of birth (other countries) -2.91 -6.29, 0.47 0.092  0.98 
Employment status (not full-time) 2.73 -0.14, 5.60 0.062  1.31 
Occupation type (some outdoor) 2.80 -0.47, 6.08 0.094  2.47 
Skin color (medium to dark) n.r.     
Hair (blown or black)  n.r.     
Eye color (hazel or brown) n.r.     
MD at inner upper arm (%) n.r.     
MD at hand (%) 2.45 0.11, 4.80 0.040  2.45 
MD at cheek (%) n.r.     
      
Modifiable behavioral variables     52.16 
BMIc (Ref = < 25)     4.14 
25-<30 -2.89 -5.99, 0.21 0.068   
30+ -7.83 -11.19, -4.47 <0.001   
Physical activity (Ref = inactive)     3.56 
Minimally active 2.67 -0.59, 5.92 0.108   
Highly active 5.05 1.63, 8.46 0.004   
Vitamin D supplement use (yes) 8.67 6.00, 11.35 <0.001  7.35 
Vitamin D oily fish (≥25mg/month) n.r.     
Recent sunscreen use (yes) n.r.     
Outdoor time (minutes) -0.02 -0.04, 0.00 0.098  1.94 
Clothing cover (%) -0.51 -0.68, -0.34 <0.001  26.91 
Personal UVR level (SEDd) 1.93 1.31, 2.55 <0.001  8.26 
Abbreviations: AusD, A quantitative assessment of solar UV exposure for vitamin D synthesis in Australian adults; 
BMI, body mass index; CI, confidence interval; 25(OH)D, 25-hydroxyvitamin D; n.r., not retained (in the final model); 
MD, melanin density; mg, milligrams; RC, relative contribution; Ref, referent; SED, standard erythemal dose; UVR, 
ultraviolet radiation 
a Regression coefficient 
b The relative contribution (%) to the overall R2 of the model adjusted for all other variables 
c  Weight (kg)/height (m)2 
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d 1 SED=100 J/m2  
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Table 3. Final Multiple Regression Models for the Determinants of 25(OH)D Concentration in Australian Adults in Each Study Location, AusD Study, 
Australia, 2009-2010.   
  Study Sitea  
 Townsville Brisbane Canberra Hobart 
 Bb 
 
95% CI  P-Value B 
 
95% CI  P-Value B 
 
95%CI  P-Value B 
 
95%CI  P-Value 
Intercept 36.03 -9.30, 81.36 0.119 46.05 -4.33, 96.43 0.073 64.23 29.51, 98.95 <0.001 94.21 36.50, 151.93 0.002 
Season (spring)c n.r.   1.26 -6.35, 8.87 0.744 3.95 -2.11, 10.01 0.200 -2.99 -13.87, 7.90 0.589 
Season (summer)c n.r.   15.28 3.46, 27.10 0.012 17.02 5.38, 28.67 0.004 3.15 -15.25, 21.55 0.736 
Season (autumn)c n.r.   9.83 1.48, 18.17 0.021 5.83 -0.14, 11.79 0.056 17.91 7.94, 27.88 0.001 
Ambient UVR (SED) n.r.   n.r.   n.r.   0.55 0.05, 1.06 0.031 
Daily max temperature (ºC) n.r.   n.r.   n.r.    n.r.  
Relative humidity (%) 0.73 0.27, 1.20 0.002 0.81 0.23, 1.39 0.007 n.r.   -0.43 -1.02, 0.16 0.149 
Sex (male)d -1.39 -6.89, 4.10 0.618 0.04 -5.90, 5.98 0.990 -0.75 -5.48, 3.99 0.756 1.24 -4.69, 7.17 0.681 
Age (35-64)e -6.11 -13.16, 0.94 0.089 -2.84 -9.81, 4.12 0.422 1.25 -4.50, 7.01 0.668 0.87 -6.47, 8.22 0.815 
Age (65-75)e -1.39 -10.10, 7.32 0.754 -4.97 -14.34, 4.39 0.296 5.26 -2.46, 12.98 0.181 -2.60 -12.23, 7.03 0.595 
Born in other countriesf, n n.r.   n.r.   -6.89 -12.04, -1.73 0.009 1.24 -4.69, 7.17 0.681 
Employment  (not full-time)g n.r.   9.26 3.45, 15.07 0.002 n.r.    n.r.  
Skin color (medium to dark)h n.r.   -4.44 -10.12, 1.25 0.125 n.r.   5.95 -0.62, 12.52 0.075 
Hair (blown or black)i 4.46 -1.44, 10.36 0.138 n.r.   n.r.    n.r.  
Eye color (hazel or brown)j n.r.   n.r.   n.r.    n.r.  
MD inner upper arm (%) n.r.   n.r.   n.r.   2.71 -0.66, 6.08 0.114 
MD cheek (%)  n.r.   n.r.   n.r.   -3.18 -6.54, 0.18 0.063 
MD hand (%) n.r.   n.r.   4.63 0.91, 8.34 0.015  n.r.  
BMIo (25-<30)k -2.05 -8.78, 4.68 0.549 -2.22 -8.53, 4.08 0.488 -7.13 -12.53, -1.73 0.010 1.27 -5.51, 8.06 0.711 
BMI (30+)k -6.99 -13.82, -0.17 0.045 -7.88 -15.57, -0.19 0.045 -8.72 -14.41, -3.04 0.003 -10.20 -17.33, -3.07 0.005 
PA: minimally activel 4.81 -1.93, 11.55 0.161 n.r.   n.r.   5.01 -2.70, 12.72 0.201 
PA: highly activel 13.53 6.38, 20.67 <0.001 n.r.   n.r.   8.61 1.40, 15.83 0.020 
Taking supplementsm n.r.   7.94 2.53, 13.35 0.004 9.90 5.18, 14.63 <0.001 13.46 7.40, 19.52 <0.001 
VitD intake oily fish (≥25mg/month) n.r.   n.r.   n.r.    n.r.  
Sunscreen use (yes) n.r.   n.r.   n.r.    n.r.  
Clothing cover (%) -0.33 -0.66, 0.00 0.050 -0.74 -1.09, -0.39 <0.001 -0.52 -0.89, -0.16 0.006 -0.44 -0.86, -0.01 0.043 
Personal UVR level (SED p) 1.00 0.01, 2.00 0.047 1.94 0.73, 3.15 0.002 1.33 0.40, 2.26 0.005 1.08 -0.29, 2.45 0.122 
Abbreviations: AusD, A quantitative assessment of solar UV exposure for vitamin D synthesis in Australian adults; BMI, body mass index; CI, confidence interval; UVR, ultraviolet radiation; MD, melanin density; PA, physical 
activity; SED, standard erythemal dose , n.r., not retained (in the final model); VitD, Vitamin D 
Note: Empty cells are not retained in the model.  
aR2: Townsville, 0.216; Brisbane, 0.373; Canberra, 0.386; Hobart, 0.471 
bRegression coefficient 
Referent: c winter season; d female; e 18-34 years; f Australian born; g full-time employment; h fair skin color; i blond or red hair color; j blue/grey/green eye color; k BMI<25; l PA: inactive; m not taking supplements 
n Number (%) born in other countries: Townsville, 41 (15.8%); Brisbane, 51 (20.1%); Canberra, 73 (29.0%); Hobart 31 (13.1%).  
o  Weight (kg)/height (m)2 
p 1 SED=100 J/m2 
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 Figure 1. Serum 25-hydroxyvitamin D (25(OH)D) concentration (nmol/L) in relation to deciles of 
estimated personal ultraviolet radiation (UVR) exposure (standard erythemal dose , SED), in 
Townsville (A, Spearman's rho=0.16 (95%CI: 0.04 - 0.28)), Brisbane (B, Spearman's rho=0.05 
(95%CI: -0.09 - 0.18)), Canberra (C, Canberra, Spearman's rho=0.26 (95%CI: 0.13 - 0.38)) and 
Hobart (D, Spearman's rho=0.28 (95%CI: 0.16 - 0.40)), in a quantitative assessment of solar UV 
exposure for vitamin D synthesis in Australian adults (AusD), Australia, 2009-2010. The (-) sign 
beside the number values on the x axis indicates a range between the first number value and the 
next. 1 SED=100 J/m2 
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